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A SURVEY OF 
i n  vivo ENERGY SOURCES:: 
ABSTRACT 
t 
Recent engineering advances i n  medicine have permit ted t h e  
app l i ca t ion  of var ious protheses  f o r  t h e  co r rec t ion  of phys io logica l  
de fec t s .  Such devices as card iac  pacemakers, diaphragm s t imula to r s ,  
and a r t i f i c i a l  limbs have been g r e a t l y  improved i n  e f f ec t iveness .  
Long t e r m  implants of e l e c t r o n i c  gadgetry have a l s o  become r e l a t i v e l y  
commonplace i n  t h e  biomedical community as a means for measuring 
seve ra l  phys io logica l  parameters i n  s i t u .  In  both cases  c i t e d  above, 
t he  power supply p lays  a v i t a l  role--because of i t s  impact on t h e  vol- 
ume and l i f e  of t h e  device.  Although miniature  b a t t e r i e s  are doing an 
e f f e c t i v e  job  i n  these  app l i ca t ions ,  t h e i r  two- or three-year  l i f e  re- 
qu i r e s  s u r g i c a l  procedure f o r  replacement. To reduce t h i s ,  o the r  energy 
sources are being inves t iga ted .  
i t s  normal funct ioning t o  dr ive  an e l e c t r i c  power source.  
p o t e n t i a l s ,  muscle motions, and implanted f u e l  c e l l s  are some of t h e  
approaches being inves t iga t ed  with varying degrees of success.  (Another 
approach is t o  t ransmi t  t h e  power through t h e  s k i n  by induct ive coupling 
or i n  t he  form o f  r a d i o  frequency energy. 
problems of b a t t e r y  l i f e  s ince  t h e  power pack is  e x t e r n a l  and can be 
e a s i l y  rep laced . )  
One approach is  t o  use t h e  body during 
B i o e l e c t r i c  
This technique r e l i e v e s  t h e  
1. INTRODUCTION 
It is becoming increas ingly  obvious t h a t  t he  long range goa l  
of extending man's span of heal thy l i f e  w i l l  be resolved only a f t e r  a 
more bas i c  understanding of t h e  body and its mul t i tude  of chemical/phy- 
s i c a l  and phys io logica l  r eac t ions  is gained. 
In  order  t o  g e t  t h i s  fundamental knowledge, t h e  methods and 
instruments of  t h e  phys ica l  sc iences  must be used, 
with t h e  knowledge from medical sc iences  will r e s u l t  i n  measurements 
from which meaningful judgements can be made. 
These, when coupled 
One is  t h e  measurement of e l e c t r i c  a c t i v i t y  wi th in  t h e  body. 
For years  recordings of t h e  EKG and EEG have been made and analyzed. 
Electromyography is  an equivalent  measurement for musculature.  
f i r i n g  of nerves ,  t h e  p o l a r i t y  r e v e r s a l  of c e l l s ,  t h e  poss ib l e  piezo- 
e l e c t r i c  a c t i v i t y  of t he  bone ca l l  a t t e n t i o n  t o  t h e  fact  t h a t  t he  body 
The 
*The author's work on Bioelectric Potentials was supported i n  part by 
NASA Contract NAS 2-1420. 
is a system of electric genera tors  t h a t  i s  se l f - con t ro l l ed  and maintained. 
I t  behooves man t o  make e f f e c t i v e  use of  t h i s  untapped source of  energy. 
If t h e  requirements are f o r  less than  one m i l l i w a t t  (mw) it 
would appear i d e a l  t o  power devices by t h e  electric energy generated 
within t h e  body. 
t he  source of power f o r  implanted e l e c t r o n i c  devices .  These include bio- 
e l e c t r i c  p o t e n t i a l s ,  motion conversion t o  e l e c t r i c i t y ,  and implanted f u e l  
cells. 
areas and attempt a ranking of approaches as a func t ion  of t he  s t a t e -o f -  
t he -a r t  . 
Severa l  approaches have been taken t o  use t h e  body as 
This paper w i l l  d i s cuss  t h e  ava i l ab le  information i n  each of t h e s e  
If t h e  demand is  f o r  power l e v e l s  i n  t h e  range of one or more 
watts ( a r t i f i c i a l  v e n t r i c u l a r  pumps or h e a r t s )  then t h e  t ransmission of 
energy through t h e  sk in  is an approach having m e r i t .  
being inves t iga t ed  f o r  t h i s  include RF energy t ransmission and induct ive  
coupling. 
The techniques 
11. BIOELECTRIC POTENTIALS 
I t  has long been known t h a t  an e l e c t r i c  cur ren t  can be measured 
by implanting a p a i r  of d i s s i m i l a r  m e t a l l i c  e l ec t rodes  i n  var ious anatomi- 
c a l  l oca t ions .  Unfortunately,  t h e  p r e c i s e  reason f o r  t h e  production of 
t h i s  e l e c t r i c i t y  i s  unknown, although s e v e r a l  hypotheses have been pre- 
sented t o  explain t h i s  source of energy. One is t h a t  t he  e l ec t rode  p a i r  
is simply a ga lvanic  b a t t e r y  using body f l u i d s  as t h e  e l e c t r o l y t e .  An- 
o the r  hypothesis suggests t h a t  t h e  ac t ion  is s o l e l y  f u e l  ce l l  i n  na ture ,  
wherein the  body metabol i tes  serve as t h e  f u e l ,  and t h e  e l ec t rodes  func- 
t i o n  only t o  ca t a lyze  the  r eac t ions .  
combination of a c a t a l y t i c  and a ga lvanic  e f f e c t .  I t  would appear,  based 
on experiments conducted i n  the  au tho r ' s  l abora tory  as w e l l  as elsewhere,  
t h a t  t h e  source of energy is  i n  r e a l i t y  a combination of a c a t a l y t i c  and 
a ga lvanic  e f f e c t .  
i n  which d isso lved  oxygen i s  c a t a l y t i c a l l y  reduced on a c a t a l y t i c a l l y  
a c t i v e  cathode and t h e  m e t a l l i c  anode oxidized. I n  t h i s  way, t h e  anode 
is los ing  weight slowly, which is  i n  effect a ga lvanic  system. 
combined source f o r  t h e  na tu re  of t h e  energy product ion.  
A t h i r d  theory i s  t h a t  t h e r e  is  a 
The e l ec t rode  p a i r  a c t s  as an oxidat ion reduct ion c e l l  
Hence the  
If one cons iders  t h e  ga lvanic  theory i n  combination with an 
oxidat ion reduct ion process  it would appear t h a t  an i d e a l  l oca t ion  might 
be t h e  stomach. The chemical g rad ien t  wi th in  t h e  stomach is as g r e a t  as 
can probably be found anywhere wi th in  t h e  body. The p o t e n t i a l s  t h a t  e x i s t  
between t h e  mucosa and t h e  se rosa  of t he  stomach (which a r e  thought t o  be 
i n  some way connected t o  t h e  stomach's production of  hydrochlor ic  ac id )  
have been inves t iga t ed .  
w a t t s  p e r  square cent imeter  of stomach t i s s u e  a r e a  w a s  measured i n  dogs 
by Rehm (1948).  
t he  stomach would be expected t o  present  a problem i n  t i s s u e  r eac t ion  
s imilar  t o  "hardware disease" i n  cat t le .  For t h i s  reason, t h e  stomach as 
wel l  as o the r  v i t a l  organs such as t h e  l i v e r  and b ra in  have not  been 
s e r i o u s l y  considered as s u i t a b l e  e l ec t rode  si tes f o r  long term implanta- 
t i o n .  
An energy equivalent  of approximately n ine  micro- 
However, t h e  i n s t a l l a t i o n  of a permanent e l ec t rode  wi th in  
There are s e v e r a l  condi t ions which must be m e t  before  bio- 
electric p o t e n t i a l s  may be used t o  power e l e c t r o n i c  gadgetry.  
and t h e  most important i s  t h a t  t h e  implantat ion of  t h e  e l ec t rodes  must 
not  i n  any way d i s t u r b  t h e  normal funct ioning of t h e  host  animal. 
of  course,  a l s o  implies t h a t  t h e  e l ec t rode  material must be such as t o  
react very slowly with t h e  i n t e r s t i t i a l  f l u i d s  i n  order  t h a t  excessive 
q u a n t i t i e s  of  poss ib ly  t o x i c  material are not produced t o  e n t e r  i n t o  t h e  
normal flow of ma te r i a l s  within t h e  body. Another v i t a l  po in t  is t h a t  
t he  e l ec t rodes  must be q u i t e  s m a l l  when compared with the  hos t  animal. 
Again, t h i s  could a l s o  be i n f e r r e d  from t h e  first s p e c i f i c a t i o n  inasmuch 
as r e l a t i v e l y  l a r g e  e l ec t rodes  would cause some discomfort or o the r  prob- 
lem t o  t h e  hos t .  S t i l l  a fou r th  s p e c i f i c a t i o n  must be t h a t  t he  implanted 
e l ec t rodes  should not  be loca ted  wi th in  any of t h e  major organs because 
of t h e  p o s s i b i l i t y  of phys io logica l  damage. 
The first 
This ,  
Severa l  independent i nves t iga t ions  have been conducted i n  which 
metallic e l ec t rodes  have been i n s e r t e d  i n  t h e  body t o  produce an e l e c t r o -  
motive fo rce  ( e m f ) .  Pinneo and Kesselman (1959) repor ted  t h a t  they have 
been ab le  t o  power a s p e c i a l l y  designed FM t r a n s m i t t e r  by i n s e r t i n g  two 
s t e e l  e l ec t rodes  i n t o  t h e  bra in  of a cat .  The power output w a s  measured 
a t  40 m i l l i v o l t s  and 0.5 microamps. 
neering i n  t h e  d i r e c t  app l i ca t ion  of b i o e l e c t r i c  p o t e n t i a l s ,  obviously 
could not  be appl ied  t o  long term implants ,  and indeed t h e  work repor ted  
by t h e  i n v e s t i g a t o r s  was intended f o r  sho r t  t e r m .  
This p a r t i c u l a r  s tudy,  although pio- 
More d e t a i l e d  s t u d i e s  of  b i o - e l e c t r i c  p o t e n t i a l s  have been re- 
ported upon by Reynolds (1964), Konikoff (1964 ,  1966),  and Roy and Wehnert 
(1966).  
Konikoff and Reynolds (19621, extending t h e i r  s t u d i e s  of bio- 
chemical f u e l  c e l l s  f o r  t h e  whole anima1,considered t h e  body as a con- 
t a i n e r  of e l e c t r o l y t e s ,  numerous semi-permeable membranes, and d i f f e r e n t  
t i s s u e s  which metabolize d i f f e r e n t l y ,  permi t t ing  chemical g rad ien t s  t o  
e x i s t .  
agent and an e l ec t ron  c o l l e c t o r  ( e l ec t rode )  t o  cons t ruc t  a " l iv ing  f u e l  
c e l l . "  Reynolds (1964) f u r t h e r  repor ted  on t h i s  a c t i v i t y .  H i s  work began 
with t h e  cons t ruc t ion  of an e l ec t rode  made by sandwiching a t h i n  f i l m  of  
platinum black between two screens of platinum gauze. The o t h e r  e l ec t rode  
w a s  a platinum screen.  
ra t  and t h e  open c i r c u i t  vol tage w a s  recorded as obtained i n  var ious a reas  
of t h e  body. 
subcutaneous region were t e s t e d  i n  p a i r s .  
num black (PPB) w a s  placed i n  t h e  i n t e s t i n e  and t h e  platinum screen i n  
t h e  abdominal cav i ty .  
e l ec t rodes  were then reversed and t h e  procedure repeated.  Po la r i za t ion  
curves showed t h a t  an optimum output  w a s  obtained when t h e  platinum was 
placed subcutaneously and t h e  PPB i n  t h e  abdominal cav i ty .  A number of 
e l ec t rode  materials were t e s t e d  and r e s u l t e d  i n  varying outputs  as a 
func t ion  of t h e  materials. In  a l l  cases, it w a s  t h e  i n t e n t i o n  t o  select 
materials t h a t  would be r e l a t i v e l y  benign. 
t o  comparatively low va lues ,  t h e  poss ib l e  effect of t o x i c  by-products 
being formed on the  e l ec t rode  su r face  as a r e s u l t  of  a ga lvanic  a c t i o n  
w a s  minimized. 
output r e s u l t e d  from an e l ec t rode  p a i r  made of  platinum platinum black 
(PPB) and high speed s t a i n l e s s  s t e e l  (HSS), Figure 1. 
Under these  condi t ions it only becomes necessary t o  add a c a t a l y t i c  
These e l ec t rodes  were placed i n  an anes the t ized  
S i t e s  such as i n t e s t i n e ,  rectum, abdominal cav i ty  and t h e  
For example, t h e  platinum p l a t i -  
Electrical  measurements were obtained and t h e  
Although t h i s  held t h e  output 
Under these  condi t ions ,  it w a s  determined t h a t  t h e  bes t  
It w a s  a l s o  
UM ELECTRODE SYSTEM 
FIGURE I 
determined t h a t  t he  abdominal cav i ty  appeared t o  be t h e  optimal anatomi- 
c a l  s i t e  f o r  t h e  implant of t he  PPB e l ec t rode ,  with t h e  HSS loca ted  sub- 
cutaneously.  
enough t o  accommodate t h e  e l ec t rodes  and no v i t a l  b io log ica l  a c t i v i t i e s  
are d is turbed .  
This i s  of  g r e a t  importance because t h i s  a r e a  is l a r g e  
Konikoff (1964, 1966) continued t h i s  research ,  and by s tandar-  
d iz ing  t h e  measurement techniques was ab le  t o  draw f i r m  conclusions about 
t he  output as a funct ion of e l ec t rode  material. 
t h e  optimum material combination w a s  platinum platinum black and high 
speed s t a i n l e s s  s t e e l .  
put versus anatomical l o c a t i o n ,  and it w a s  determined t h a t  from s u r g i c a l  
ease ,  space a v a i l a b i l i t y ,  and the  fact  t h a t  no v i t a l  organs were d is turbed ,  
t h e  p e r i t o n e a l  cav i ty  appeared t o  be t h e  bes t  loca t ion .  Addit ional  s t u d i e s  
r e s u l t e d  i n  def in ing  t h e  e f f e c t  of e l ec t rode  s i z e  on t h e  output ,  
shown t h a t  by increas ing  t h e  PPB e l ec t rode  an appreciable  increase  i n  
output w a s  achieved. 
having a sur face  a r e a  of 20.5 sq.  c m .  The HSS e l ec t rode  used had a sur- 
face a r e a  of approximately 1 . 5  sq.  cm. 
a 1 ,000  ohm r e s i s t a n c e  load a t  a vol tage l e v e l  of 0.555 (see Table I ) .  
Long term implant s t u d i e s  on animals were a l s o  conducted and ind ica ted  
t h a t  t h e  output became e s s e n t i a l l y  constant  f i f t e e n  days following surgery 
and remained a t  t h i s  constant  l e v e l  f o r  a per iod of 128 days. For t h i s  
experiment, a r a b b i t  was used. A mul t ip le  wafer PPB ( a rea  about 1 0  sq.  
cm.) w a s  s u r g i c a l l y  t i e d  t o  the  p e r i t o n e a l  shea th  wi th in  the  p e r i t o n e a l  
cav i ty  and t h e  HSS e l ec t rode  with an a r e a  of approximately 2 sq.  c m .  was 
posi t ioned between the  obliquus externus and obliquus in t e rnus .  A 
10 ,000  ohm r e s i s t a n c e  was connected i n  p a r a l l e l  t o  t h e  e l ec t rode  system, 
thus causing a constant  power d r a i n ,  Figure 2 .  The r a b b i t  was permit ted 
t h e  r e l a t i v e  freedom of h i s  cage and appeared t o  be completely normal 
following t h e  usua l  post-operat ive recovery per iod.  Voltage readings 
were taken every t h r e e  days and f luc tua ted  between 0.49V and 0.50V. Under 
these  condi t ions ,  t h e  power was 24 microwatts ( u w ) .  A t  t h e  end of  t he  ex- 
periment t h e  c i r c u i t  was removed and t h e  e l ec t rodes  examined f o r  sur face  
d i sco lo ra t ion  or o the r  e f f e c t s  which could i n d i c a t e  i n t e r a c t i o n  with t h e  
host  animal. 
t he  t i s s u e  i n  t h e  v i c i n i t y  of t h e  e l ec t rode  loca t ions  showed no r eac t ions .  
I t  w a s  determined t h a t  
Studies  were a l s o  conducted t o  determine the  out- 
I t  was 
Over 300 microwatts r e s u l t e d  from a PPB e l ec t rode  
This power output w a s  measured i n  
N o  s igns  of such a c t i v i t y  were noted. Gross examination of 
Both Reynolds and Konikoff i nd iv idua l ly  conducted app l i ca t ion  
s t u d i e s  of  t h e  power ava i l ab le  from t h e  implanta t ions .  A 500 k i l o h e r t z  
(kHz1 o s c i l l a t o r  w a s  designed t o  operate  on an input  of 50 microamps a t  
0 .25  v o l t s ,  or a 1 2 . 5  microwatt power input .  
loud speaker was set on t h e  o the r  s i d e  of t h e  labora tory  and received a 
clear s i g n a l  when tuned t o  500 kHz. 
powered by t h e  animal and w a s  s t a b l e  during t h e  e igh t  hour experiment. 
A second app l i ca t ion  s tudy was conducted by using a s p e c i a l l y  designed 
modulated t r a n s m i t t e r .  This device o s c i l l a t e d  a t  4.8 megahertz (mHz). 
An e i g h t  hour experiment was successfu l ly  concluded i n  which the  hear t -  
bea t  of  t h e  animal w a s  t ransmi t ted  t o  a r ad io  r ece ive r  loca ted  t h i r t y  t o  
f o r t y  feet d i s t a n t  from t h e  animal. The s o l e  source of power t o  t h e  
s p e c i a l l y  designed t r a n s m i t t e r  was the  b i o e l e c t r i c  p o t e n t i a l  der ived 
from a ra t .  
A r ece ive r  equipped with a 
The system i tself  was completely 
R IZATI N DATA 
Pt-Pt-B1 
Surface Area 
2 
Cm 
1.5 (lx) 
12.0 (8x) 
20.5 (14x) 
ELECTRODE SURFACE AREA VS OUTPUT* 
BIOELECTRIC POTENTIALS 
Voltage p Amps 
l o r n  5 m  1m lorn 5m lrn 
0.46 0.19 0.06 46 38 60 
0.70 0.65 0.46 70 130 460 
0.76 0.725 0.555 76 145 555 
at  at 0 
p Watts (Power) 
at  
l o r n  5 m  1m 
21.2 7.2 3.6 
49 84 211 
57.8 103 308 
2 
*Against a 2.0 Qn high-speed steel electrode implanted beneath the dermis 
and dorsad to the fascia; a new PPB made for this test was located between 
the external oblique and the fascia. 
TABLE I 
* PPB WAFER ELECTRODE SYSTEM 
H I  SPEED STEEL 
Y 
LEADS 
1OK Q RESISTOR 
PLATINUM-PLATINUM BLACK 
WAFER ELECTRODE 
E 
~ PLATINUM-PLATINUM 
* BLACK WAFER 
/ SPONGE SPACERS 
FIGURE 2 
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Roy and Wehnert (1966) have repor ted  on keeping t h e  hea r t  
a l i v e  with a b i o l o g i c a l  b a t t e r y  powered pacemaker. 
t i g a t i n g  var ious materials f o r  implantat ion i n  add i t ion  t o  t h e  platinum 
platinum black and high speed s teel  t h a t  w a s  repor ted  earlier.  S i l v e r  
and s i l v e r  ch lor ide  have proved most cons i s t en t  i n  p o t e n t i a l  developed 
and capac i ty  as cathodes. Pure z inc ,  aluminum, i r o n ,  carbon or  mild 
s t e e l  have been s tud ied  as anodes. 
i o r  t o  t h e  o the r s  although Racine (1966b) r epor t s  aluminum as having 
some advantages i n  higher  vol tage and smaller weight l o s s .  
be pr imar i ly  because z inc  e n t e r s  i n t o  t h e  ga lvanic  r eac t ion  r ap id ly .  
This can be e s t ab l i shed  by examination of  Faraday’s Law of E l e c t r o l y s i s .  
This l a w  states, i n  effect, t h a t  t o  produce a b a t t e r y  of one ampere-hour 
capaci ty  one equiva len t  weight of material is l i b e r a t e d  i n  each e lec t rode .  
This p r e d i c t s  approximately how much material w i l l  be used i n  converting 
chemical energy t o  electrical  energy f o r  any b a t t e r y  capac i ty .  
implied t h a t  t h e  energy production is  t h e  r e s u l t  of a ga lvanic  r eac t ion .  
This l a w  cannot t a k e  i n t o  account l o s ses  t o  t h e  metal  e l ec t rode  occurr ing 
because of  n a t u r a l  corrosion which a l s o  occurs (Racine, 1966a). A bat-  
t e r y  was designed cons i s t ing  of  s i l v e r  ch lor ide  and z inc  e l ec t rodes  which 
operates  wel l  i n  t h e  body and produced one v o l t  a t  up t o  10  mill iamps 
(10  m a ) .  This power source uses i t s  own depolar izer  and ch lo r ide ,  and 
uses t h e  body f l u i d s  a s  an e l e c t r o l y t e .  This type of  b a t t e r y  has been 
implanted i n  dogs and r a b b i t s  for periods of up t o  n ine  months without 
causing any ill effects. Other s t u d i e s  have ind ica t ed  t h a t  l a r g e  quan- 
t i t i e s  of  z inc  can be t o l e r a t e d  by animals with no apparent ill effects. 
Roy (1966) observes t h a t  t h e  ga lvanic  r eac t ion  between t h e  s i l v e r  ch lor ide  
and z inc  produces a cloudy f l u i d  wi th in  t h e  sac of t h e  encapsulat ing 
t i s s u e ,  which i s  absorbed by t h e  body. 
by these  i n v e s t i g a t o r s  has been cons i s t en t ly  higher than  t h a t  obtained 
by Reynolds and/or Konikoff. 
r eac t ion  occurring on z inc  because of t h e  fact  t h a t  z inc  i s  at  a much 
higher  pos i t i on  on t h e  electromotive s e r i e s  than i r o n  or s t a i n l e s s  steel .  
They have been inves- 
They r epor t  t h a t  z inc  appears super- 
This might 
It is 
In  gene ra l ,  t h e  output measured 
The apparent reason is t h e  enhanced ga lvanic  
111. MOTION CONVERSION TO ELECTRICITY 
The app l i ca t ion  of t he  p i e z o e l e c t r i c  e f f e c t  i n  c r y s t a l s  has 
P i e z o e l e c t r i c i t y  is t h a t  generated i n  
proven t o  be a rewarding inves t iga t ion  towards t h e  p o s s i b i l i t y  of  using 
the  body as a source of energy. 
c e r t a i n  materials, usua l ly  c r y s t a l s ,  when they a r e  s t r e s s e d .  This is  a 
convenient way t o  convert mechanical energy t o  electrical .  (An example 
of  t h e  app l i ca t ion  of  p i e z o e l e c t r i c i t y  i s  i n  a phonograph pickup.) The 
most widely used p i e z o e l e c t r i c  c r y s t a l s  are made from f e r r o - e l e c t r i c  
ceramics which are polar ized  with an electric f i e l d .  
f a b r i c a t e  i n t o  l a r g e  or s m a l l  shapes and are highly s e n s i t i v e .  
s l abs  of  ma te r i a l s  are cemented toge ther  t o  form a laminated c a n t i l e v e r  
beam, a p i e z o e l e c t r i c  bimorph is formed. The bimorph improves t h e  elec- 
t r ica l  output because a s  t h e  beam i s  bent ,  one of i t s  halves goes i n t o  
compression, t h e  o the r  i n t o  tens ion .  The two halves  a r e  connected elec- 
t r i c a l l y  so t h a t  t h e i r  p i e z o e l e c t r i c  outputs  add e i t h e r  i n  series or 
p a r a l l e l ,  depending on t h e  impedance des i red .  
doubled from a given bending moment. 
They are easy t o  
If two 
Thus t h e  output may be 
Several  l oca t ions  within t h e  human body are i n  rhythmic 
motion. A s  examples, consider  t h e  h e a r t ,  r i b  cage, diaphragm, and 
various blood vesse l s .  A l l  e x h i b i t  a rhythmic expansion and con t r ac t ion ,  
Myers, Parsonnet,  Zuker, and Lotman (1964) have devised an e l e c t r o n i c  
pacemaker i n  which t h e  s o l e  power source w a s  two s h e e t s  of a ceramic b i -  
morph placed on each s i d e  o f  t h e  a o r t a  of  a dog, Figure 3 ,  
and cont rac t ion  of  t h e  a o r t a  bent t h e  shee t s  and generated t h e  electri- 
c i t y .  The two s h e e t s  of  material (each 1% by 1% inches)  were placed i n  
a hinged clamp and encapsulated i n  s i l i c o n e  rubber .  The output  o f  t h e  
c r y s t a l s  w a s  r e c t i f i e d  i n  a vol tage doubler  c i r c u i t  and was then appl ied  
t o  t h e  c i r c u i t  of  a pacemaker. Successful  pacing of  a dog with su rg i -  
c a l l y  induced h e a r t  block w a s  accomplished., Myers e t  aZ. specula te  t h a t  
a poss ib l e  l i m i t  t o  t h e  long t e r m  use of  t hese  devices  is f a t i g u e  t h a t  
could cause t h e  c r y s t a l s  t o  crack a t  t h e  po in t  where they  are clamped, 
Most previous app l i ca t ions  of  bimorphs o f  t h i s  t ype  have been i n  phono- 
graph pickups i n  which no f a t i g u e  problems were encountered, however, 
t h e  use o f  t h e s e  t ransducers  is s o  d i f f e r e n t  t h a t  t h i s  experience is  
probably not  app l i cab le ,  It would appear ,  as Myers e t  aZ. po in t  ou t ,  
t h a t  t h e  stress on t h e s e  p l a t e s  is probably s u f f i c i e n t l y  low no t  t o  
cause problems. However, long t e r m  s t u d i e s  must be conducted. 
The expansion 
Enger and Klain (1966) have a l s o  experimented with b i o l o g i c a l  
powered miniature  ca rd iac  pacemakers. 
of p i e z o e l e c t r i c  bimorphs. 
s ta te -of - the-ar t  such t h a t  it is now poss ib l e  t o  design and cons t ruc t  a 
card iac  pacemaker and power source (bimorph) having dimensions of  5.4 x 
1 , 4  x 0.75 c m  and 3.75 x 1.87 x 0.05 c m  r e spec t ive ly ,  
which r e s u l t e d  i n  success fu l  pacing,  were conducted on animals f o r  two 
months with t h e  bimorph su tured  t o  t h e  l e f t  v e n t r i c l e  wi th in  t h e  pe r i -  
c a r d i a l  sac. 
t h i s  experiment was 1% t o  3 v o l t s .  They do po in t  out  t h a t  one area of 
d i f f i c u l t y  s t i l l  remains. This concerns i t se l f  with t h e  s e l e c t i o n  of  an 
encapsulat ing material t h a t  w i l l  no t  permit t h e  eventua l  inflow or d i f -  
fus ion  of t h e  i n t e r s t i t i a l  f l u i d s ,  S i l i cone  rubber  a r  s i l a s t i c  t h a t  has 
been almost un ive r sa l ly  used with implanta t ions ,  w i l l ,  with t i m e ,  become 
r e l a t i v e l y  spongey and permit t h e  d i f f u s i o n  of f l u i d  i n t o  t h e  e l e c t r o n i c  
c i r c u i t r y  r e s u l t i n g  i n  t h e  sho r t ing  o f  t h e  system. 
Their  system a l s o  involved t h e  use 
Their  work i n d i c a t e s  a refinement t o  t h e  
Their  experiments,  
The i n i t i a l  vo l tage  l e v e l  generated by t h e  c r y s t a l s  i n  
KO (1966) has descr ibed a p i e z o e l e c t r i c  energy conver te r  i n  
which stress fa t igue  i s  guarded by mechanically changing t h e  p ivo t  po in t  
for l a r g e  excursions.  
output  a t  4 v o l t s .  
resonant mode. 
of a vol tage  doubler c i r c u i t  h igher  vol tages  are achieved. 
H e  descr ibes  a 2 x 5 ~ 1  c m  u n i t  having 160 p w a t t s  
The c r y s t a l  v i b r a t e s  within a sea l ed  chamber i n  a 
By using t h e  capaci tance of t h e  c r y s t a l  i t se l f  as p a r t  
Myers e t  aZ. r e p o r t  on another  app l i ca t ion  of p i e z o e l e c t r i c  
bimorphs. Any pacemaker is b a s i c a l l y  an escapement, t h a t  i s ,  input  
energy is s to red  and then  r e l eased  p e r i o d i c a l l y  t o  t h e  h e a r t  a t  t h e  
c o r r e c t  r a t e ,  It would t h e r e f o r e  seem n a t u r a l  t o  use a clockwork mech- 
anism f o r  t h e  energy s to rage  device.  Unfortunately,  a c t u a l  self wind- 
ing watch mechanisms have an energy output  far t o o  s m a l l  t o  be used t o  
power a pacemaker, although a device w a s  developed by t h e  Bulova Watch 
Company t h a t  works along similar p r i n c i p l e s .  This mechanism was designed 
t o  absorb t h e  energy avEilable  from diaphragm movement ( a t  t h e  rate of  
about twenty p e r  minute) as t h e  winding force .  This  r equ i r e s  a longer  
energy s to rage  per iod  than  do t h e  d i r e c t  e l e c t r o n i c  devices  descr ibed 
a a 
W 
t) 
e a r l i e r .  
i n  t u r n  opera tes  a cam through a s e r i e s  of gears .  
a s e t  of  p i e z o e l e c t r i c  c r y s t a l s .  The impact produced the  des i r ed  output 
pulse  which was passed through a r e c t i f i e r  and impedance-matching t r a n s -  
former t o  the  h e a r t .  
device r e s u l t e d  i n  a pulse  t h a t  w a s  s u f f i c i e n t  t o  produce v e n t r i c u l a r  
cont rac t ions .  
Winding movement from t h e  diaphragm keeps a spr ing wound, which 
A cam fol lower s t r i k e s  
In v i t ro  experiments conducted with t h i s  type of 
I V .  USE OF SKELETAL MUSCLE POWER 
Some surgical experimentation has been conducted by Kantrowitz, 
Kusserow and Clapp wherein by ingenious app l i ca t ion  of s u r g i c a l  s k i l l s  
they used s e l e c t e d  muscles t o  serve  as an a u x i l i a r y  v e n t r i c l e  t o  power a 
blood pump d i r e c t l y  and continuously over extended per iods  of t i m e .  
Kantrowitz (1960) conducted experiments on dogs wherein the  
diaphragm w a s  d ivided i n  t h e  mid-line and t h e  l e f t  hemi-diaphragm w a s  d i s -  
sec ted  from i t s  pe r iphe ra l  attachments.  Its major blood supply and l e f t  
phrenic  nerve were not d i s turbed ,  In  one group of experiments, t h % s  fan  
shaped leaf of diaphragm w a s  sutured around t h e  h e a r t  s o  t h a t  i t s  muscle 
f i b r e s  ran  t r a n s v e r s a l l y  t o  the  long a x i s  of t h e  v e n t r i c l e s ,  In  t h e  
second group, t h e  hemi-diaphragm was folded i n t o  a rec tangular  shape with 
the  muscle f i b r e s  running i n  a long a x i s ,  This muscle mass was then  
wrapped around the  mobilized d i s t a l  t ho rac i c  a o r t a  s o  t h a t  i t s  f i b r e s  ran  
perpendicular  t o  t h e  a o r t a ,  Figure 4.  
e lec t rodes  were a t tached  t o  the  l e f t  phrenic  neiove and brought out t o  a 
te rmina l  s t r i p .  
nerve te rmina l  s t r i p .  The e l e c t r i c  s t imulus w a s  suppl ied throughout sys- 
t o l e  i n  t h e  first group of experiments and during d i a s t o l e  i n  t h e  o ther  
experiments. 
h e a r t ,  t h e  experiments r e s u l t e d  i n  l i t t l e  i f  any improvement i n  t h e  ar- 
t e r i a l  pressures .  
wrapped by a po r t ion  of t h e  diaphragm, a s i g n i f i c a n t  r i s e  i n  d i a s t o l e  
pressure  w a s  found. 
ume of blood t o  t h e  aorta could the re fo re  be eased by t h i s  s u r g i c a l  tech- 
nique. Here t h e  diaphragm muscle w a s  doing a po r t ion  of t h e  work t h a t  i s  
normally reserved f o r  t h e  l e f t  v e n t r i c l e ,  
In  both s e r i e s ,  two s i l v e r  wire 
An e l e c t r o n i c  s t imu la to r  w a s  a t tached  t o  t h e  l e f t  phrenic  
In  t h e  case where t h e  diaphragm w a s  sutured aroulnd t h e  
I n  t h e  experiment i n  which t h e  tho rac i c  a o r t a  was 
The work of t h e  hea r t  i n  de l ive r ing  i t s  s t roke  vol- 
Kusserow and Clapp (1964) inves t iga t ed  t h e  use of s k e l e t a l  
muscle t o  b io log ica l ly  power a blood pump. 
ces s ib l e  quandriceps femoris muscle. The motor nerve and tendon were 
first i s o l a t e d  and t h e  tendon w a s  then divided below t h e  p a t e l l a ,  t h e  
muscle being l e f t  i n t a c t  in s i tu  i n  o the r  r e spec t s .  
t h e  muscle tendon t o  a pump using mul t ip le  s t r ands  of heavy s u t u r e .  
pump, which w a s  e n t i r e l y  e x t e r n a l ,  cons is ted  e s s e n t i a l l y  of an e leva ted  
f l u i d  r e s e r v o i r  with connecting tubes and a s m a l l  spr ing  loaded diaphragm 
pump with f l a p  valves t o  in su re  un id i r ec t iona l  f low, The pump was driven 
by t h e  cont rac t ion  of the  muscle during pump s y s t o l e  and r e c o i l  of t h e  
pump l e v e r  spr ing  during d i a s t o l e .  Brief t e t a n i c  cont rac t ions  of t he  
quadriceps were produced by pe r iod ic  i n d i r e c t  s t imula t ion  through its 
motor nerve.  The s t imula t ing  e l ec t rodes  cons is ted  of mul t ip le  s t r a n d  
s t a i n l e s s  steel wires of t he  type used with card iac  pacemakers. 
showed t h a t  t h e  vigorous e f f e c t i v e  cont rac t ions  genera l ly  p e r s i s t e d  
They se l ec t ed  the  e a s i l y  ac- 
They then coupled 
The 
Resu l t s  
a 
W 
z z  w o  
w 
without g ross ly  observable diminution of t h e  c o n t r a c t i l e  fo rce  or pump 
output throughout each of t h e  experiments, which l a s t e d  as long as e i g h t  
hours. I t , w a s  noted, however, t h a t  t h e r e  w a s  c e l l u l a r  i n j u r y  of both a 
chemical and morphologic na ture  as a r e s u l t  of t h e  p a r t i c u l a r  condi t ion 
of  t h e  experiment. 
those d i r e c t e d  t o  f ind ing  a more optimal p a t t e r n  of s t imula t ion  appear 
warranted. 
The au thors  suggest f u r t h e r  s t u d i e s ,  e s p e c i a l l y  
V. FUEL CELLS 
Unlike b a t t e r i e s  which are provided with i n t e r n a l  chemical 
energy s torage  fac i l i t i es ,  f u e l  cells  a r e  suppl ied continuously with re- 
ducing and oxidizing agents  from t h e  outs ide .  
Basic i n t e r n a l  ingredien ts  are m e t a l l i c  e l ec t rodes  a t  whose 
sur face  t h e  h a l f  c e l l  r eac t ions  occur ,  involving t h e  removal or supply 
o f  free e l ec t rons  v i a  t h e  metal .  
The c e l l  c o n s i s t s  of e x t e r n a l  suppl ies  of gaseous hydrogen a s  
reductant  and gaseous oxygen as oxidant i n  conjunction with t h e  i n t e r n a l  
e l ec t rodes .  The removal or supply of free e l ec t rons  makes it poss ib l e  t o  
have the  valence e l ec t rons  of t h e  reductant  do t h e  work before  they  are 
captured by t h e  oxidant .  E l e c t r i c a l  energy is derived from t h e  simultan- 
eous oxidat ion of t h e  material a t  t h e  anode and reduct ion of t h e  cathode 
material accompanied by i o n i c  mass t r anspor t  through t h e  e l e c t r o l y t e .  
Electron flow is  from t h e  negat ive e l ec t rode  (anode) through t h e  e x t e r n a l  
c i r c u i t  t o  t h e  p o s i t i v e  cathode. The r a t e  of water formation from H2 and 
0 2 ,  is propor t iona l  t o  t h e  e l e c t r i c  c u r r e n t  load.  
A biochemical f u e l  c e l l  may be def ined as a system i n  which t h e  
reductan t ,  oxidant or c a t a l y s t  is  cons tan t ly  made ava i l ab le  t o  t h e  e l ec -  
trochemical environment as by t h e  metabolic a c t i v i t y .  
oxidation-reduction p o t e n t i a l s  of  body f l u i d s  appears j u s t i f i e d  f o r  fu r -  
t h e r  s tudy ,  s ince  evidence from b a c t e r i a l  f u e l  c e l l s  i s  overwhelmingly 
i n  favor  of e x t r a - c e l l u l a r  r eac t ions .  There is  thus t h e  p o s s i b i l i t y  of 
designing a system capable of performing t h i s  func t ion  i n  t h e  mammalian 
organism 
However, using t h e  
C a h i l l ,  Nash, Nevi l le  and Van Der Grinten ( 1 9 6 2 )  have consid- 
ered t h e  problem and reasoned t h a t  although t h e r e  are seve ra l  poss ib l e  
s i t e s  of implantat ion,  t h e  obvious are the  abdominal and p l e u r a l  c a v i t i e s ,  
t h e  bloodstream, subcutaneous t i s s u e  and i n t e s t i n e s ,  The f a c t o r s  neces- 
sa ry  f o r  implantat ion a r e  as follows: 
( a )  Correct  oxygen tens ion ,  i .e.  high f o r  oxygen e l ec t rode ,  
low f o r  f u e l  e lec t rode .  
( b )  Continuous supply of  necessary ing red ien t s ,  i . e .  f u e l ,  
oxygen, enzymes, e l e c t r o l y t e s ,  so lu t ions .  
( c )  Lack of i n t e r f e rence  with normal body physiology. 
( d )  P r a c t i c a l i t y  of s u r g i c a l  approach and ease of  app l i ca t ion  
t o  t h e  problem a t  hand. 
( e )  S t a b i l i t y  i n  long term experiments, i .e .  avoidance of  
c l o t t i n g  i n  blood, f i b r o s i s  i n  t i s s u e s  or abdominal or 
p l e u r a l  c a v i t i e s .  
( f )  S imi l a r i t y  between experimental  animal and human s i t e  
environment a 
Practical  aspec ts  suggested t h a t  t h e  most des i r ab le  s i t e  f o r  
implantat ion would be t h e  lumen of  t h e  l a rge  colon, probably a t  t h e  ce- 
cum. There would be less problem with f i b r o s i s ,  than t h e r e  would be i n  
the  subcutaneous t i s s u e s .  Implantation i n  t h e  abdominal cav i ty  would 
probably a l s o  r e s u l t  i n  f i b r o s i s  and p e r i t o n e a l  r eac t ion ,  and t h e  amount 
of free f l u i d  ava i l ab le  i s  very l imi t ed  and might se rve  as a l i m i t i n g  
f ea tu re .  In s ide  t h e  lumen of t h e  l a r g e  colon, t h e  oxygen tens ion  i s  
v i r t u a l l y  n i l ,  t h e r e  a r e  abundant amounts of E. c o l i  present  which are 
a c t i v e l y  reproducing and metabolizing. There is an a l k a l i n e  pH and ade- 
quate enzyme a c t i v i t y  is provided by t h e  E. co l i .  
t i o n  r eac t ions  a l s o  occur i n  r e l a t i o n  t o  d iges t ion  and absorpt ion of 
foods by the  body’s own enzymes. 
Oxidation and reduc- 
The f u e l  e l ec t rode  could be placed i n  t h e  colonic  lumen i n  
the  form of a platinum lead-out w i r e  t o  a t h i n  1 0  x 1 c m  x 1 mm m i l l i -  
pore membrane s a c  i n t o  which d e n d r i t i c  carbon p a r t i c l e s  could be placed 
t o  provide e l e c t r i c a l  conduction. E. co l i  would grow i n  the  sac as t h e  
mi l l i po re  opening would permit t he  b a c t e r i a ,  glucose and e l e c t r o l y t e s  t o  
e n t e r  and leave t h e  sac e a s i l y .  The waste products would a l s o  have f r e e  
access .  
would not  permit t h e i r  l o s s .  
would be approximately 20 c m 2  ( 2  s i d e s )  and t h i s  would permit t h e  pro- 
duction of an appreciable  amount of cu r ren t ,  
f u e l  and oxygen e l ec t rodes  could be made by Teflon covered wires  which 
would reduce t i s s u e  r eac t ion .  
by t h e  l i q u i d  caeca l  s t o o l  may be reduced by proper s e l e c t i o n  of pore 
s i z e .  
m a i l  meshes of  t h i n  platinum i n t o  t h e  lumen of t h e  cecum. 
The carbon p a r t i c l e s  would remain i n  suspension and t h e i r  s i z e  
The su r face  area of t h e  f u e l  e l ec t rode  
The connections t o  t h e  
The problem of plugging t h e  pore openings 
An a l t e r n a t i v e  method would be t o  implant f o i l s ,  r ibbons or chain- 
The oxygen e lec t rode  i n  i t s  s implest  form can be merely two 
platinum black e l ec t rodes  in se r t ed  i n t o  t h e  blood stream, Figure 5 ,  how- 
ever ,  it was a n t i c i p a t e d  t h a t  t h i s  would be a p o t e n t i a l  source of blood 
c l o t t i n g .  A more soph i s t i ca t ed  design is  shown on Figure 6 .  
Unfortunately,  no in v i v o  measurements are ava i l ab le  from t h i s  
Consequently, although 
inves t iga t ion .  Severa l  in vi-bro measurements t h a t  are t h e  r e s u l t  of a 
highly idea l i zed  s imulat ion have been obta inable .  
s c i e n t i f i c a l l y  i n t r i g u i n g ,  implanted f u e l  cells a r e  fa r  from being re- 
duced t o  p r a c t i c e .  
VI. CONCLUSIONS 
A survey has been conducted i n t o  s e v e r a l  approaches taken t o  
use t h e  body as a source of power f o r  implanted devices .  
foremost use is  a t  present  t o  power implanted e l e c t r o n i c  ca rd iac  pace- 
makers. Here t h e  s o l u t i o n  i s  a funct ion of t h e  c i r c u i t r y  design. 
By f a r  t h e  
PLANTED FUEL CELL 
SIMPLE ARTERIO-VENOUS SHUNT 
WITH S I NY PLATIN M ELECTR.ODES 
FIGURE 5 
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Although s u f f i c i e n t  power ( g r e a t e r  than 300 y w a t t s )  can be achieved from 
t h e  b i o e l e c t r i c  p o t e n t i a l s ,  t h e  vol tage l e v e l  is  q u i t e  low (about 0.5V). 
Thus, un less  a vol tage step-up t ransformer is  included i n  t h e  design,  
t h e  t r a n s i s t o r  cannot be used e f f i c i e n t l y ,  r equ i r ing  use of  tunnel  diodes.  
Here a simple,  s ta t ic ,  r e l a t i v e l y  small i n v e r t e r  f o r  low-voltage DC in-  
pu ts  can be designed which should prove r e l i a b l e .  
(1962)  however, developed t h e i r  pacemaker c i r c u i t  including t h e  step-up 
t ransformer,  and achieved s a t i s f a c t o r y  t r a n s i s t o r  s e rv i ce .  They r e a l i z e d  
a f i f t y  percent  t r a n s f e r  e f f i c i e n c y  and had s u f f i c i e n t  power t o  operate  
t h e  pacemaker. B i o e l e c t r i c  p o t e n t i a l s ,  when obtained a t  s u f f i c i e n t l y  
high vol tage ,  may be successfu l ly  appl ied  t o  powering pacemakers as wel l  
as t r ansmi t t e r s .  
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The use of t h e  ceramic bimorph appears p a r t i c u l a r l y  s u i t a b l e  
f o r  s e rv i ce  as t h e  power supply f o r  an implanted pacemaker. The measured 
vol tage l e v e l s  g r e a t e r  than  1 .5  t o  3 v o l t s  obviously s impl i fy  t h e  cir-  
c u i t r y  design. Another advantage of  t h e  p i e z o e l e c t r i c  concept is  t h a t  no 
ga lvanic  r eac t ion  occurs within t h e  immediate a rea  of t h e  implant. How- 
eve r ,  t h e  problem area of c r y s t a l  f a t igue  which may be the  u l t ima te  cause 
of f a i l u r e  e x i s t s .  The bimorphs a r e  somewhat l a r g e r  than e l ec t rodes  and 
a r e  i n  constant  contac t  with pu l sa t ing  
problems because of abrasion and t h e i r  
The use of musculature as a 
spec ia l i zed  approach i n  t h e  hands of a 
is  not y e t  ind ica ted .  
Implanted f u e l  c e l l s ,  while 
t i s s u e  thus  causing p o t e n t i a l  
s i z e .  
power source appears t o  be a highly 
s k i l l e d  surgeon. Widespread use 
t h e o r e t i c a l l y  i n t e r e s t i n g ,  a r e  
s t i l l  i n  the  s t age  where problems are concerned with phys io logica l  ac- 
ceptance.  
resolved.  
f u e l  c e l l s ,  t h i s  approach must remain imprac t ica l .  
I n  add i t ion ,  many electrochemical  problems s t i l l  remain t o  be 
U n t i l  considerably more research  i s  conducted on implantable 
Table I1 presen t s  a r e c a p i t u l a t i o n  of t hese  conclusions and 
ranks t h e  techniques based upon s e v e r a l  cr i ter ia .  
e l e c t r i c  P o t e n t i a l s  a r e  ranked f i rs t  on two f a c t o r s :  
A s  is shown, t h e  Bio- 
a )  S impl ic i ty  of  Implant, and 
b)  Expected Li fe .  
VII. RECOMMENDATIONS FOR FURTHER STUDIES 
It  i s  apparent as a r e s u l t  of t h i s  survey, t h a t  a number of 
unknowns are present  i n  each of t h e  four  approaches descr ibed as means 
f o r  using in vivo energy. 
the  techniques,  BEP and P i e z o e l e c t r i c i t y ,  are i n  l imi t ed  p r a c t i c e .  It 
appears j u s t i f i e d  t o  continue inves t iga t ions  i n t o  these  and perhaps o the r  
approaches i n  order  t h a t  t h e  b e s t  design is  achieved. 
This i s  t r u e  i n  s p i t e  of t h e  fact t h a t  two of 
To t h i s  end t h e  following research  s t u d i e s  a r e  s t rong ly  re- 
commended. 
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a )  S tudies  on t h e  mechanisms of  energy production. 
b) Extended s t u d i e s  of implanted e l ec t rode  systems t o  i n v e s t i -  
g a t e  power output and t i s s u e  r eac t ion  f o r  one year  or longer .  
c )  Inves t iga t ions  aimed a t  increas ing  power output by s e l e c t i o n  
of e lec t rode  ma te r i a l s ,  s i z e  and/or configurat ion.  
d)  A study t o  determine t h e  maximum power output t h a t  can be 
achieved without i ncapac i t a t ing  t h e  hos t  animal. 
e )  E lec t ron ic  c i r c u i t r y  s tud ie s  t o  bes t  u t i l i z e  t h e  power 
a v a i l a b i l i t y  a t  t h e  r e l a t i v e l y  low vol tage l e v e l .  
a )  Long term s t u d i e s  i n  vivo t o  e s t a b l i s h  poss ib l e  in to le rance  
problems and f a t i g u e  f a i l u r e s .  
b) Inves t iga t ions  i n  depth t o  reso lve  t h e  encapsulation problems. 
c)  Studies  t o  determine bes t  c r y s t a l  materials. 
d )  Application s t u d i e s  t o  determine the  bes t  approach f o r  using 
t h e  power, i .e.  d i r e c t  or i n d i r e c t  (escapements). 
a )  In vivo empir ica l  study leading t o  s u i t a b l e  s u r g i c a l  procedure 
t o  e l imina te  t i s s u e  des t ruc t ion .  
a )  Studies  f o r  t he  s e l e c t i o n  of oxygen and f u e l  sources  i n  t h e  
body. 
b)  In v i t r o  s t u d i e s  of an experimental  f u e l  c e l l  constructed of 
benign ma te r i a l s  using t h e  oxidant and f u e l  s e l e c t e d  i n  ( a )  
above followed by in vivo s tud ie s .  
c )  Studies  t o  s e l e c t  f u e l  c e l l  ma te r i a l s  of cons t ruc t ion  includ- 
ing membranes, e l ec t rodes ,  and c a t a l y s t s .  
d )  Inves t iga t ion  of methods f o r  t h e  implanting of f u e l  ce l l  and 
i ts  connections t o  t h e  host .  
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